Abstract-This paper presents a high speed electric machine with integrated magnetics of the grid side LCL filter. The integrated drive has been designed to take full advantage of sharing the machine stator structure for volume reduction. The main outcome of this paper is the ability to integrate all six LCL filter inductors into the proposed machine by sharing the original machine's magnetic circuit without magnetic cross-coupling between the integrated filter inductor windings or with the main machine magnetic circuit. Both the main machine coils and the filter inductor coils are pre-compressed directly onto the double slot stator teeth to form a solid component with fill factors for the main machine and filter windings of 60% and 50% respectively. The use of a segmented stator enabled rapid and repeatable construction of the proposed geometry. This paper presents a number of novel electromagnetic design and manufacturing processes which enhance the performance and functionality of the integrated drive concept.
INTRODUCTION
Higher power density drives are an important target for a wide range of applications such as aerospace, automotive and traction motors. As machine volume is approximately proportional to machine torque, high-speed machines are required to achieve very high power densities. When the drive is grid connected, an LCL input power filter will be required, acting as an interface between the utility grid and drive side. The overarching role of the input filter is to attenuate harmonics resulting from the non-linear behavior of the power electronic rectifier. The drive then injects reduced harmonics into the utility grid and becomes more robust to unbalanced supply voltages. In literature considerable effort has been taken to reduce the size of the passive components [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, for high power, very high speed drives the size of the passive filter components (inductors and capacitors) becomes significant, or even dominant, compared to the machine. The envelope of the filter components are rarely congruent with that of the machine, leading a poor utilization of the available volume in which to install the drive: this work seeks to integrate the various components of the drive in a more compact manner. Integrated motor drives offer potential benefits, such as direct replacement of fixed speed, less efficient direct on-line motors, higher power density and lower time and cost of installation compared to separate drive and motor systems [12, 13] .
The research presented in this paper particularly focuses on the mechanical and electromagnetic integration of the magnetic passive LCL filter components (i.e. grid and drive side inductors) into a high speed electrical machine architecture.
Unlike a traditional electric drive as depicted in Fig. 1 , in this work the six inductors which form the magnetic part of the LCL filter are physically integrated into the machine structure. Further improvement of coil fill factors, as well as ease of assembly, have been achieved by introducing a method of precompressing coils directly to the modular stator. By integrating the passive filter components (3-phase grid and drive side inductors) into the machine along with pre-compressed stator windings, a functional single unit motor drive system with high power density has been obtained. In the demonstrator described in this paper the other components of the integrated drive (power electronics, capacitors, control electronics etc.) have also been fully integrated into the machine structure; however the integration of these devices is beyond the scope of this paper.
II. BASE MOTOR SPECIFICATION
The prototype high-speed, high-power permanent magnet synchronous motor (PMSM) has been designed to form the foundation of an integrated motor drive. The machine is fed by an active, three phase two-level inverter, and it has a surface mounted neodymium-boron permanent magnet rotor, wound with a carbon fiber sleeve for mechanical retention of the rotor parts. The stator has single tooth windings and the lamination material is JNEX-core 10JNEX900, where core losses in higher frequency ranges is extremely low. Other machine properties are given in Table 1 . 3D representations of the base PMSM and assembled rotor are shown in Fig. 2 and 3 respectively. The losses of magnets rotor are reduced by up to 83% by axially segmenting the magnets in 2mm lengths. The base machine was specifically designed to achieve a high power density with modular construction to aide mechanical construction of the on-tooth pressed coils. Water jacket cooling of the stator is employed.
III. DESIGN OF INTEGRATED MAGNETIC FILTERS
Different integration methods for magnetic filter elements have been reported in [13] and it was shown that using an integrated "double-slot" machine (IDSM) method (see Fig. 4 ), the integration of the (larger) drive side inductors (L2) achieved lower volume and losses compared to traditional discrete 3-phase drive side inductors. This integration method requires modification of the base machine stator laminations to include a further slot radially outward of the main machine windings. In [13] this slot held the drive side inductor and it was shown that such an arrangement, with prescribed pole-pair combinations decouples the main machine and filter winding coils. In this work, the additional grid-side 3-phase inductor (L1) has also been included in the second slot and further investigation into the coupling effects carried out. The specifications of the drive and LCL filter are given in Table 1 . 
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A. Electromagnetic Calculations for Integrated Filter Inductors
The geometry of the AC filter inductors is dictated by the base electric machine design and the desired inductance determined by the power rating and switching frequency of the rectifier. The design process for the IDSM method begins with the geometry of the high speed electric machine which in this case has 12 teeth. The additional filter slots are essentially extensions of the 12-slot geometry, as shown in Fig. 4 . The integrated inductor design is further driven by the required storage energy and hence the optimal length of inductor airgap and number of turns as given in 1-4 [6, 13] .
The inductance of the inductor windings is defined as follow. (4) Since the magnetic flux induced by the integrated inductors has largely independent paths from that of the main machine windings, coupling with the machine magnetic circuit is greatly reduced. The winding arrangements are further carefully selected so that the pole number of the main machine windings, grid side and drive side inductors all have different pole numbers to avoid cross-coupling and are selected in such a way as to avoid unbalanced magnetic pull.
The filter inductors share the same slots and since the drive side inductor dominates (L1= 5μH per phase, L2=160μH per phase) the slot geometry is initially designed considering solely the largest 3-phase filter drive side inductors. The small grid side filter inductors are subsequently incorporated into the same slots, requiring an increased fill factor which is achieved through coil pressing as described in a later section.
The stator of the IDSM is segmented for ease of assembly of the machine and AC inductors windings. The proposed geometry is illustrated diagrammatically with a flux contour plot in Fig. 4 , demonstrating the separate flux paths for the main machine flux and the filter inductor flux.
B. Winding Configuration of Integrated Filter Inductors
The integrated geometry of the filter inductors is intended to minimize the volume of the filter and combine it with the machine structure in a single envelope. As the coils of both inductors L1 and L2 of the LCL filter share the same outer slots -and hence magnetic paths -different pole combinations for L1 and L2 have been simulated using FE analysis to investigate the degree of undesired mutual coupling between L1 and L2. In the study the number of poles of the larger inductor, L2, was fixed at 10 poles while the number of poles of L1 was varied. Rated current was applied to L2 and the induced voltage on L1 is observed (with L1 open circuit). The induced voltages on L1 for a single phase LCL filter inductors are presented in Fig. 5 . Normalizing for the turns ratio the four pole combinations studied; 2:10, 10:10, 14:10 and 16:10, have coupling factors of 22%, 100%, 100% and 0% respectively (10:10 and 14:10 are essentially the same pole combinations). These conclusions can be verified analytically by observing the space harmonics created by the 16 pole and 10 pole windings. Unlike most other winding combinations the 10 pole winding, wound onto the 12 tooth stator, does not have a 16 pole space harmonic and so there should be no mutual coupling between them. As well as demonstrating the lack of coupling between the two filter windings it must also be shown that the inclusion of the filter windings in the second slot does not couple with the main machine windings. A finite element simulation was used to observe the base machine open circuit voltage at rated speed (i.e. back-EMF) both before and after integrating the AC filter inductors into the machine (the filter windings are conducting rated current). As shown in Fig. 6 , the machine circuit proves magnetically isolated from the filter windings, with the machine back-EMF profile almost unaffected by the filter currents. Note, however, that the common part of the stator core back is not heavily loaded: a reduction in the size of this core back may yield a greater power density for the overall drive but the higher magnetic saturation may result a greater share of the core back material between the various flux paths and therefore greater coupling. Based on the pole combinations given in Fig. 5-d for the filter inductors, the IDSM windings configuration is selected to have 16, 10 and 8 poles for L1, L2 and the main machine windings respectively. The various coils carry currents of differing fundamental frequencies (50 Hz and 1.66 KHz for LCL filter inductors and the base machine respectively), and hence comprise of different conductor types. Table 2 gives the winding configuration for the IDSM coils. 
IV. DIRECT ON-TOOTH COMPRESSED COILS
All of the stator coils of the IDSM have concentrated windings, which allows a segmental stator design. The main machine windings are located in the inner slot with the two filter coils located in the second, outer slot as shown in Fig. 7 . As discussed in the previous section, high fill factors are required to attain the power density required for this demonstrator. In previous literature high fill factors have been achieved by pre-pressing coils into a solid form then inserting the coils over the tooth structure [14, 15] . The double slot geometry of the IDSM does not allow for a simple stator design which can utilize this manufacturing process. Moreover, thermal resistance between the coil and the stator, which is the main thermal path for copper losses, significantly increases as the gap between the coil and the stator material grows larger. Thus, a direct on-tooth coil compression has been utilized whereby the coils are directly wound onto a tooth segment, then compressed onto the stator tooth, creating a precise coil formation for each of the three coils. The pressing operation achieves up to 60% fill factor -a significantly higher value than is commonly achieved and enhanced thermal conductivity between the copper windings and machine stator. The on-tooth pressing method is outlined in Fig. 8 . An added advantage of being able to precisely form the coils in a repeatable and controlled manner is that the coil shaping can be designed to minimize leakage and losses resulting from effects such as fringing at the slot opening. An FE simulation showing slot fringing in the IDSM is shown in Fig. 9 . Fig. 10 shows how precisely shaping the base of the coil helps to alleviate this. The pressing tool has been designed to force the coil away from the slot opening thus reducing the loss created from the slot opening fringing effect (Fig. 11) . The assembled compressed coils for one double slot tooth segment are shown in Fig. 11 and 12. A one-quarter machine motorette ( Fig. 13 and 14) has been constructed to assess the effectiveness of the integrated inductors. Various magnitudes of 50 Hz current were applied to the filter inductors to compare the measured inductances with the FEA simulation results. The inductances for both filter inductors L1 and L2 were measured for the middle tooth and compared with obtained results from FEA simulation as shown in Table 3 . Finally, the full double slot stator has been assembled and is shown in Fig. 15 . A temporary plastic motor housing was used to verify the ease of assembly as well as test the whole machine winding inductances.
The per-phase inductances of both L1 and L2 have been measured using a digital RCL-bridge with the results shown in Table 4 . The presented stator in Fig. 15 is a part of a fully packaged integrated motor drive which, whilst beyond the scope of this paper, also includes all of the other components of the drive as shown in Fig. 1 including power electronics, capacitors, control electronics etc. and is presented by the authors in other work.
VI. CONCLUSION
The three phase LCL filter inductors have been successfully integrated into the high speed machine without affecting the performance of the original base machine nor coupling with each other. The intent of this work is to reduce the overall volume of the combination of the machine and grid filter magnetics through better utilization of the available volume and envelope. The resulting envelope is a single package which achieves a significant volume reduction over discrete filter components. The challenges of magnetic interaction between the three different fields resulting from the main machine winding and the two filter windings have been discussed through careful study of the field interactions of various polepair combinations as well as finite element analysis of flux paths in the stator core.
On-tooth pressed windings have been introduced and demonstrated in the IDSM, showing higher than usually achievable fill factors for both Litz and plain strand wire. A unique manufacturing method for multi-slot direct on-tooth pressing has been shown to give reliable and repeatable coils formed in such a way as to mitigate poor thermal contact as well as leakage losses due to poor conductor placement.
The described manufacturing method allows simple assembly of the stator and has shown to yield measured inductances which correlate with the expected values from FEA simulation.
